The use of pulsed laser energy to clear arteries obstructed by thrombus (blood clot) and plaque has emerged as a promising method for the treatment of cardiovascular diseases such as myocardial infarction and stroke. Current techniques for laser thrombolysis are limited because they cannot completely clear the clot in arteries, especially where a large volume clot is presented. Mural clot is a potent stimulus for reocciusion. We suggest that the combination of laser thrombolysis and localized intramural delivery of clot-dissolving drugs during the procedure may be a solution to this limitation.
INTRODUCTION
Laser thrombolysis is a promising method of clearing arteries that are obstructed by thrombus and plaque.' It has potential advantages over bypass surgery, balloon angioplasty, and other forms of vascular intervention. Laser pulses can be delivered into arteries through fiber-optic catheters, thus avoiding major surgery. The thrombus is removed by the laser pulses rather than being displaced by them, thereby, potentially reducing the high rate of restenosis that occurs with balloon angioplasty. The laser energy is strongly absorbed by the thrombus and poorly absorbed by the adjacent tissue. Thus, selective and safe thrombolysis using laser radiation can be achieved. The use of small fiber-optic catheters offers the possibility of removing thrombus in small vessels (e.g. , brain vessels) or in larger vessels (e.g., bypass grafts), in which no effective therapies are available.2 However, one concern for laser thrombolysis is the mural blood clot left in arteries after the laser thrombolysis procedure, which may be a potential limitation for this therapy. We suggest that the combination of laser thrombolysis and localized intramural delivery of clot-dissolving drugs during the procedure may be an alternative solution to this limitation, i.e., the majority of the clot can be removed by laser pulses and the mural clot is dissolved by the drugs. The present study was motivated by this concept.
Current techniques for localized drug delivery use balloon-based catheters to infuse thrombolytic agents into thrombus at an angioplasty site. The intramural deposition of therapeutic agents may provide prolonged thrombolytic action at the infusion site.3 Basically, two mechanisms are involved in these procedures: 1) displacement of thrombus due to the balloon dilation and 2) thrombolytic action by therapeutic agents. However, the primary problems with the modified balloon catheter designs are their cumbersome size and long inflation times, as well as the risk of medial injury occurring during the balloon inflation process, thus potentially limiting the benefits of local drug delivery. We have recently demonstrated that drug could be delivered into thrombus by use of hydrodynamic pressures following the laser-induced bubble expansion and collapse. 4 The bubbles were formed at the fiber tip due to the absorption of laser energy by the surrounding absorbing liquids. The spatial distribution of photomechanically delivered drug depended on parameters such as laser energy, absorption coefficient, fiber size, and material strength. The bubble formation on the thrombus surface due to the absorption of laser energy by the thrombus could also cause flow motion near the cavitation bubble at a speed of up to 12 rn/s. 5 We hypothesize that hydrodynamic flow resulting from the bubble formation during laser thrombolysis can be used as a driving force to facilitate drug delivery. This form of localized drug delivery has been termed photomechanical drug delivery. 6 Our objective in this in vitro study was twofold. First, we wished to quantitatively compare the effectiveness of thrombolysis by use of 1) laser thrombolysis and 2) photomechanical drug delivery. Such a comparison is important to clearly establish any benefit that may be associated with photomechanical drug delivery. Second, we wished to identify the mechanism of photomechanical drug delivery during laser thrombolysis through visualization of bubble formation with flash photography and measurement of laser-induced pressure waves using a PVDF transducer. Solutions of fluorescent spheres were used as a drug model that allowed us to easily visualize the sphere distribution in thrombus under fluorescence microscopy. Gelatin-based thrombus phantoms were used to avoid the complicated biological variations of real thrombus.
MATERIALS AND METHODS

Sample Preparation
Two types of gelatin targets were formed in 1 cm cuvettes. Drug delivery experiments used a uniformly absorbing gelatin made by adding Blue 15 dyes (Sigma) into 3.5% 175 bloom liquid gelatin (Sigma) and curing in the 1 cm cuvettes. The blue gelatin samples had an absorption coefficient of 100 cm1 at 577 nm. The cured gelatin samples were carefully removed from the cuvette and cut into .'5 mm thick sections before the experiments. The samples for flash photography were made by pouring clear gelatin into 1 cm cuvettes to form 2-3 cm thick samples with cylindrical geometries. The channels were constructed about 2 mm in diameter to simulate blood vessels; the normal adult human coronary artery is 2-4 mm in diameter. A piece of porcine clot was inserted into the channel and then was covered with distilled water at room temperature.
The solution seeded with fluorescent latex microspheres (Molecular Probes, Inc.) was used as a drug model. The microspheres consisted primarily of polystyrene chains, and they were supplied as suspensions (2% solids with 1 im diameter) in water plus 2 mM sodium azid. They were nonporous, hydrophobic, and photostable. The excitation and emission maxima were at 488 nm and 515 nm respectively. The concentration of the solution was about 7.5x lO7particles/ ml made by adding 0.5 ml of the suspensions with a concentration of 3x 1O'°particles/ ml into 200 ml of distilled water. No attempt was made to correlate this solution to any specific drugs for this study.
Experiments
The effectiveness of thrombolysis was evaluated by comparing the sizes of lumen created by laser ablation and stained by the fluorescent spheres. A basic assumption of this study was that the stained areas could potentially be dissolved by the delivered drug. Two experimental protocols were employed: 1) Drug was infused into the lasercreated channel after laser thrombolysis and 2) Drug was delivered into the thrombus in coincidence with the laser pulses. The drug was injected at a rate of 4 ml/min through the catheter for a similar time (''3O seconds) in the two experiments. All samples were carefully washed with clear water before being frozen and sectioned. Frozen sections were examined under light and fluorescence microscopy. The areas and penetration of the spheres in the gelatins were measured. The penetration depth was measured from the edge of the lumen to the fluorescent spheres inside the gelatin sample.
A fiber-optic flushing catheter was used for drug delivery and light delivery. This catheter consisted of a 1 mm Teflon tube filled with a 300 m optical fiber. The drug was infused into the thrombus through the tube connected with a syringe. The flow rate was 4 ml/min controlled by a syringe pump. The laser interaction with porcine clot was visualized with a flash photography setup (Figure 1 ). Single pulses of 50 mJ were delivered onto porcine clot through a 300 ,am fiber placed 1 mm above the surface of the clot. The laserinduced pressure waves were measured using a PVDF transducer (KP 117, Ktech) shown in Figure 2 . The transducer was positioned 16 mm away from the ablation site. The experiments were performed on thrombus phantoms with an absorption coefficient of 100 cm at 577 nm. The samples were immersed under water at room temperature.
Statistical Analysis
All data were reported as mean±standard deviation. The lumen size, stained area, and penetration depth of the spheres in the gelatin samples were compared. The statistical significance of differences was determined using a twotailed Student's t-test. An unpaired t-test was used to analyze the data for laser thrombolysis and photomechanical drug delivery. A value of p < 0.05 was considered to be significant.
RESULTS
As shown in Figure 3 , the areas (i.e., lumen area plus stained area) didn't increase significantly through drug delivery after laser thrombolysis, while the areas increased after the photomechanical drug delivery procedure. The blue gel areas increased up to 25% when we consider the areas stained by the spheres as compared with the lumen generated by laser ablation alone. The penetration measurements revealed that the maximal penetration was not correlated with the laser energy ( Figure 4 ). When the laser energy increased to greater than a value somewhere between 50-70 mJ, the penetration depth decreased. However, the lumen sizes increased significantly with increasing laser energy ( Figure 5 ) . The pressure measurements also showed that the pressures increased as the laser energy increased ( Figure 6 ) and the lumen sizes were proportional to the bubble expansion pressure (Figure 7) .
Visualization of the interaction of a laser pulse with clot showed that a full size bubble was formed in the clot (Figure 8 ). The bubble dynamics on clots was similar to the dynamics on gelatin targets. Figure 9 shows the cavitation bubble growth and collapse produced by a 50 mJ laser pulse. The bright spot in the sixth frame was the flash of light from the strobe. The bubble expansion caused the dilation of the channel. The maximal dilation was reached after about 60 /15 and amounted to 130% of the initial channel diameter. The subsequent bubble collapse induced an invagination of the channel wall. The minimal diameter was '.' 88% of the initial value. No oscillation of the cavitation bubble was observed. The mass ejection followed the bubble collapse. 
DISCUSSION
The results presented in this study demonstrate the possibility of using photomechanical drug delivery to enhance the thrombolysis process by delivering drug into thrombus during the laser thrombolysis procedure. Evidently, the lumen areas could be increased by delivering drug into the thrombus during laser ablation. For example, the mean of fluorescent sphere area and the maximal penetration depth were greater in the gelatin samples with photomechanical drug delivery: 0.24±0.05 mm2 for photomechanical drug delivery vs. 0.06±0.01 mm2 (p = 0.005) for laser thrombolysis and 250±60 jm for photomechanical drug delivery vs. 46±16 ,am (p < 0.001) for laser thrombolysis. A similar result was reported by Girsky et al.7 for photomechanical drug delivery to porcine clot confined in carotid arteries. Similar parameters such as the laser energy, fiber size, and fluorescent microsphere solution were used for their experiments. The mean of fluorescent sphere area was: 0.13±0.02 mm2 for photomechanical drug delivery vs. 0.02±0.004 mm2 (p = 0.01) for laser thrombolysis. The maximal penetration depth was 330±40 jm for photomechanical drug delivery vs. 160±20 jim (p = 0.002) for laser thrombolysis.
Flash photographs showed that cavitation bubbles were formed after the laser pulses interacted with the clot. The growth and collapse of the cavitation bubbles caused dilation and consequent invagination of the channel wall of the gelatin samples. The flow motion may generate the hydrodynamic pressure that could force drug into the thrombus. Thrombus ejection was observed following the collapse of the cavitation bubble.
It is evident that the lumen areas increase with increasing laser energy. The higher bubble expansion pressures result in larger lumen areas , which agrees with an ablation efficiency study.8 However, the penetration depth of the spheres in gelatin samples was not simply proportional to the laser energy. The penetration increased at least before the laser energy reached 50 mJ, and started deceasing somewhere between 50-70 mJ. One possible explanation is that two processes, mass removal and drug delivery, occur simultaneously during photomechanical drug delivery. More mass is removed although the drug can be driven into targets more deeply with higher pressures. 4 We postulate that there is a threshold effect. The maximum penetration can be achieved when the pressure is below the threshold, since the pressures can only remove a certain amount of the gelatin, so that more stained areas are left. At suprathreshold energy the ablation process becomes more explosive, so that more mass is blew off, even though the spheres are driven more deeply into the gelatin if the penetration depth is measured from the center of the lumen rather than from the channel wall to the spheres. In general, the use of photomechanical drug delivery for enhancement of laser thrombolysis seems to be a trade-off between the mass removal by laser ablation and that by thrombolytic action.
In conclusion this study demonstrated that the thrombolysis process can be enhanced by delivering drug into thrombus during laser ablation. The lumen areas increased up to 25% if we consider the areas that may potentially be dissolved by the drugs. The penetration depths of the spheres in the gelatin samples were not correlated with the laser energy, but the lumen sizes increased with increasing energy. The lumen areas created by laser ablation were correlated with the bubble expansion pressures, and the pressures were proportional to the laser energy.
